INTRODUCTION
KSHV is associated with various human malignancies such as Multicentric Castleman's Disease [1] , Primary Effusion Lymphomas (PELs) and Kaposi's sarcoma, with the immune-compromised individuals having higher prevalence [2, 3] . Kaposi's sarcoma-associated herpesvirus (KSHV; also, known as human herpesvirus 8) was discovered from the KS lesions from patients with AIDS-associated Kaposi's sarcoma in 1994 [4, 5] . The life cycle of KSHV predominantly displays latent phase with a restricted gene expression, and a lytic phase expressing all the genes and production of progeny virions. The capability to maintain a lifelong persistent infection of this virus can be attributed to its immune evasive abilities, which help escaping the host's innate and adaptive defense mechanisms [6] [7] [8] .
The viral latency in infected cells can be reversed to lytic phase by various chemical inducers and viral gene products [9, 10] . Based on their expression patterns, the genes expressed during lytic cycle have been grouped into immediate early, early, and the late phase genes [11] . The immediate early genes of viral life cycle play a significant role because of their capability to drive the transcription of various downstream genes through the involvement of transcription factors [12] . The viral lytic switch protein, RTA (replication and transcription activator) plays a crucial role in lytic reactivation [9, 13] . It not only activates the transition from latent to lytic phase, but also controls the transcription of various viral genes during the lytic phase [14] [15] [16] [17] . During de novo infection, latency is usually followed by a short lytic phase with differential gene expression [18, 19] . In fact, the activation of lytic cycle and the establishment of latency depend mainly on various viral and cellular factors that regulate the expression and the activity of RTA [20] . The active role of one such cellular factor, Egr-1 has been documented in controlling RTA transcription during lytic reactivation [21, 22] .
Egr-1 (zif268/ NGFI-A/ Krox24), a zinc finger DNA-binding protein, deregulates the expression of the target genes by binding to their promoters [23] [24] [25] [26] [27] . It regulates genes of various pathways that are involved in cellular proliferation [28, 29] , differentiation [30, 31] and apoptosis [32] [33] [34] . Extracellular stimuli trigger the expression of Egr-1, to modulate various signaling cascades through alteration of target genes expression [35] [36] [37] . However, not much is known about the role of Egr-1 in the replication of KSHV and disease pathogenesis. Some studies conducted on viral infection [38] [39] [40] [41] [42] [43] [44] [45] , including KSHV [21, 22, 46] have evidenced an enhanced level of Egr-1. The involvement of Egr-1 in regulating viral genes has also been reported in the transcription of latency-associated transcripts (LATs) of HSV-1 [47] .
In the context of KSHV, Egr-1 has been shown to associate with RTA promoter in the infected cells and a treatment with resveratrol suppressed viral reactivation by decreasing the levels of Egr-1 [21, 22] . Egr-1 is known to interact with transcriptional coactivators, CBP/p300 to trigger the transcription of various cellular genes [24, 48, 49] . Additionally, CBP/p300 are capable of associating with various other transcription regulators to modulate different cellular pathways by interfering at the level of transcription [48, 50, 51] . This led us to hypothesize that RTA transcription could be regulated by an interaction of Egr-1 with CBP/p300 at RTA promoter.
Here, we show that depletion of Egr-1 from KSHV infected cells leads to a reduction in virion production following lytic reactivation. Also, induction of Egr-1 phosphorylation followed by enhanced virion production have been evidenced by Okadaic acid treatment, whereas suppression of both phosphor-Egr-1 and generation of virions seemed to occur on incubating with p38 MAP kinase/ Raf inhibitors. Since, Egr-1 interacts with CBP/p300, we wanted to analyze whether Egr-1 mediated RTA promoter activity could be affected by CBP/p300 co-expression. Our findings from the reporter assay confirmed a cooperative effect of CBP/p300 with Egr-1 in augmenting the RTA promoter activity. Moreover, during viral reactivation protein interaction and chromatin immunoprecipitation assays determined an enhanced binding of Egr-1 and CBP as well as an elevated association at the RTA promoter region. Depletion of Egr-1, CBP or both followed by a detection of RTA transcripts confirmed a cooperative effect of Egr-1 and CBP since cells undergoing dual gene depletion showed significant reduction in RTA mRNA. Through combined data of ChIP and reporter assays, we demonstrate that Egr-1, CBP/ p300 bind at the RTA promoter to regulate its transcription. Additionally, we determined the role of Egr-1 in regulating RTA expression during primary de novo infection of KSHV. An analysis of RTA promoter activity during de novo infection of KSHV showed a reduced transcriptional activity of promoter with mutated Egr-1 site as compared to the wild type. Moreover, we also found that depletion of either Egr-1 or CBP leads to a reduction in RTA promoter activity during de novo infection. Altogether, these results add significant information, which will impact the understanding of Egr-1 and CBP as a potential therapeutic target for blocking KSHV lytic replication.
RESULTS

Egr-1 expression controls virion production during lytic reactivation
The lytic reactivation of KSHV is triggered by various stimuli in which RTA plays a predominant role by switching the lytic cycle cascade. The role of Egr-1 as a cellular transcription factor depicts its various functional properties such as association with other transcription factors [24, 52] and phosphorylation [53, 54] , which could determine the transcriptional fate of different genes. Earlier reports evinced the involvement of Egr-1 in the expression of RTA in KSHV infected HMVEC-d cells [21] , and treatment with resveratrol reduced viral reactivation via suppressing Egr-1 levels in KSHV infected cells [22] . Importantly, resveratrol is known to activate MAPK family members such as p38, ERK 1/2 and JNK [55, 56] , and is involved in multiple cellular machinery with diverse biological effects [56] . Though resveratrol could have significant therapeutic value but the activation of multiple cellular cascades makes the interplay of Egr-1 and RTA obscure. Hence, a study depicting the direct mechanism of how Egr-1 regulates the expression of RTA is mandatory. To answer these questions, we used BC-3 and BCBL-1 cells, which maintain the viral genome in a latent state [57, 58] , for quantifying the amounts of virions produced after Egr-1 depletion. The Egr-1 depleted cells were induced with TPA for 72h followed by quantitation of virions, which showed a significant reduction as compared to the control siRNA transfected cells ( Figure 1A , a for BC-3 and Figure  1A , b for BCBL-1). Depletion of Egr-1 was confirmed by detection of total Egr-1 protein from the Egr-1 siRNA transfected cells ( Figure 1A , a for BC-3 and Figure 1A , b for BCBL-1). The transfection efficiencies of scr siRNA (scrambled siRNA) in BC-3 and BCBL-1 cells are shown in Figure 1A , a for BC-3 and Figure 1A , b for BCBL-1. The expression level of RTA was also monitored at 12, 24 and 48h after induction in both scr siRNA and Egr-1 siRNA transfected cells after TPA treatment ( Figure 1B) . Importantly, both the KSHV positive cells, BC-3 and BCBL-1, depleted for Egr-1 showed reduced levels of RTA expression at all the time points post-induction ( Figure 1B , compare panels, b and d with a and c). Thus, the suppression in RTA expression and reduced virion production form the Egr-1 depleted cells (BC-3 and BCBL-1) clearly indicate that Egr-1 regulates virion production by augmenting RTA expression.
Phosphorylation of Egr-1 through p38 and Raf kinases is required for virion production
The significance of Egr-1 phosphorylation in the enhancement of DNA binding activity and transcription of target genes have been established [53, 54] but information related to the importance of Egr-1 phosphorylation in viral infection is lacking. Various upstream effectors (p38/ JNK, Raf/MEK/ERK) have been evidenced to be involved with Egr-1 phosphorylation [36, 59, 60] . Besides, the MEK/ERK, JNK/p38 and various MAPK pathways are known to reactivate KSHV from latency [61] . Hence, the involvement of these kinase dependent pathways in regulating Egr-1 phosphorylation cannot be ignored. Therefore, we were interested to determine whether Egr-1 phosphorylation contributes to viral reactivation and virion production. Additionally, involvement of specific kinases controlling Egr-1 phosphorylation, during lytic induction, needed to be determined for identifying the signaling pathways. To answer these key questions, we used Okadaic acid, an inducer of Egr-1 phosphorylation [62] , to treat BC-3 and BCBL-1 cells, which enhanced Egr-1 phosphorylation in BC-3 and BCBL-1 cells (Figure 2A,  a. and b, lane 4) . In addition, we incubated the Okadaic acid treated cells with either Raf inhibitor (GW5074) or p38 MAPK inhibitor, respectively. The results indicated that the inhibitors of p38 and Raf kinases reduced the phosphorylation of Egr-1 (induced through Okadaic acid) in BC-3 and BCBL-1 cells (Figure 2A, a and b, lanes 2 and 3) . Next, we determined whether the phosphorylated form of Egr-1 was involved in the regulation of transcriptional machinery during viral lytic program. We attained this by quantifying the virions produced from cells (BC-3 and BCBL-1) treated with the combination of either Okadaic acid/ Okadaic acid and p38 MAP kinase inhibitor/ Okadaic acid and GW5074, respectively. The results showed that the virions produced from the Okadaic acid treated cells (BC-3/ BCBL-1) were reduced in the presence of specific inhibitors of p38MAP kinase and Raf pathways ( Figure 2B , a for BC-3 and b BCBL-1). We also confirmed the expression of RTA by analyzing its mRNA levels in treated cells. The results showed that Okadaic acid treatment induced ORF50 (RTA) transcription, whereas the presence of either p38 MAP kinase inhibitor or GW5074 reduced the levels of ORF50 transcripts ( Figure 2C , a for BC-3 and Figure  2C , b for BCBL-1). Taken together, these results indicated that Egr-1 phosphorylation via the involvement of p38 and Raf kinases is linked to ORF50 transcription and virion production.
EGR-1 augments RTA promoter activity in presence of CBP/p300
Based on previous studies, Egr-1 interacts with CBP/p300 [24, 63] , which is involved in the transcriptional regulation of different target genes [48] . In terms of KSHV, the individual expression of CBP/p300 was known to modulate RTA promoter activity [49] . However, it was not clear whether CBP/p300 act cooperatively with Egr-1 to regulate RTA transcription. Our results validated the interaction of Egr-1 with transcriptional coactivators CBP in KSHV infected BC-3 and BCBL-1 cells ( Figure 5B , a for BC-3 and Figure 5B , c for BCBL-1). We conducted a luciferase reporter assay to analyze the RTA promoter activity by co-expressing CBP and p300 along with Egr-1 and analyzed the RTA promoter activity in the presence of either Egr-1, CBP or p300 expressing cells. Our results showed an activation of RTA promoter in the presence of Egr-1, CBP or p300 ( Figure 3A) . In order to identify the cooperative effects of CBP/p300 along with Egr-1, we coexpressed either CBP or p300 in a dose dependent manner keeping the concentration of Egr-1 constant ( Figure 3B and Figure 3C ). The results showed an upregulation of RTA promoter with a gradual increase in concentration of CBP and p300 (Figure 3B for CBP; Figure 3C for p300). Importantly, the cooperative effect of CBP and Egr-1 was higher as compared to the combined dosage of p300 and Egr-1 in modulating the RTA promoter ( Figure  3B and Figure 3C ). There observations were consistent with the previous reports of RTA upregulation by either CBP or p300 [49] . To verify the cooperative effects of CBP and p300 with Egr-1 on RTA promoter activation, we co-expressed CBP and p300 with and without Egr-1, respectively ( Figure 3D ). Interestingly, we found that both CBP and p300 cooperatively activate RTA promoter in the absence of Egr-1. However, expression of Egr-1 significantly activated RTA promoter, confirming that Egr-1 can augment the transcriptional activities of CBP/p300 ( Figure 3D ). Altogether, the reporter assay data confirmed that RTA promoter activity gets regulated through Egr-1 by the cooperative effect of CBP/p300. After verifying the cooperative effects of Egr-1, CBP/p300 in augmenting RTA promoter activity, we wanted to gain insight into the mechanism of RTA transcription by identifying the specific region of RTA promoter important for this effect. Accordingly, we used different truncation mutants of RTA promoter in reporter assays for cells expressing Egr-1, CBP and p300 ( Figure  4A , a). We co-expressed these deletion mutants (2570, 2039, 1490, 1327, 550, 298 and 169bp) of RTA promoter in combination with Egr-1, CBP and p300 ( Figure 4A,  b) . The results showed a reduction in promoter activity in 2039 truncation mutant from 2570 region. The deleted region contains an Egr-1 (distal) and C/EBP binding sites, which might have contributed to the reduction in the promoter activity. The next reduction in promoter activity was noted from 1327 to 550 truncations. Sequence analysis of this region confirmed the presence of C/EBPs (CCAAT-enhancer-binding proteins) [64] and CREs (cAMP response elements) [65] sites. Therefore, deleting that region negatively impacted the promoter activity. Similarly, truncation from 550 to 298 removed CRE and C/EBP binding sites, which may have contributed to a significant reduction in the promoter activity. The RTA promoter activity of 169 promoter region clearly indicated the presence of Egr-1 binding site within that region. (Figure 4A , b). Though, it was clear that Egr-1, CBP/p300 were capable of augmenting 169 bp RTA promoter, we wanted to confirm the significance of Egr-1 binding site on CBP/p300 mediated RTA promoter upregulation. To this end, we used the DNA binding mutant of Egr-1 at RTA promoter to confirm the direct role of Egr-1 in mediating RTA promoter activity. Additionally, we titrated CBP and p300 separately in the absence of Egr-1 expression 6 293T cells were co-transfected with the combination of either RTAp (0.1µg); RTAp (0.1µg), Egr-1 (0.5µg); RTAp (0.1µg), Egr-1 (0.5µg), CBP (0.5µg); RTAp (0.1µg), Egr-1 (0.5µg), CBP (1.0µg); RTAp (0.1µg), Egr-1 (0.5µg), CBP (1.5µg). The cells were harvested after 48h posttransfection for luciferase assay. (C) p300 upregulates RTA promoter activity in the presence of Egr-1. A total of 2 × 10 6 293T cells were co-transfected with either RTAp (0.1µg); RTAp (0.1µg), Egr-1 (0.5µg); RTAp (0.1µg), Egr-1 (0.5µg), p300 (0.5µg); RTAp (0.1µg), Egr-1 (0.5µg), p300 (1.0µg); RTAp (0.1µg), Egr-1 (0.5µg), p300 (1.5µg). The cells were harvested after 48h post-transfection for luciferase assay. (D) Egr-1 along with CBP and p300 upregulates RTA promoter activity. A total of 2 × 10 6 293T cells were transfected with either RTAp (0.1µg); RTAp (0.1µg), CBP (0.5µg), p300 (0.5µg); RTAp (0.1µg), Egr-1 (0.5µg); RTAp (0.1µg), Egr-1 (0.5µg), CBP (0.5µg); RTAp (0.1µg), Egr-1 (0.5µg), CBP (0.5µg), p300 (0.5µg). The cells were harvested after 48h post-transfection for luciferase assay. www.impactjournals.com/oncotarget ( Figure 4B , a for CBP and b for p300) to analyze the effect of CBP and p300 on mutated Egr-1 site on RTA promoter. We found that both CBP and p300 could induce RTA promoter activity independently in a dose dependent manner. This dose responsive effect was unaltered in promoter with mutated Egr-1 site ( Figure 4B , a for CBP and b for p300). This confirmed the importance of C/EBP binding site within the 298-promoter region. Importantly, mutation of Egr-1 binding site led to a suppression in the RTA promoter activity in the presence of Egr-1, CBP and p300 co-expression ( Figure 4B , c). These results clearly validated the role of Egr-1 with respect to its specific binding at the RTA promoter. The current observation demonstrated various possibilities, which indicated that CBP/p300 could upregulate RTA promoter activity but the interplay of Egr-1 and CBP is essential in the enhancement of RTA promoter activity.
The binding of Egr-1 and CBP at RTA promoter is enhanced during viral reactivation
Though the results from the reporter assays depicted the cooperative effect of Egr-1, CBP/p300 in regulating RTA promoter activity, the direct evidence pertaining to the binding of Egr-1 and CBP during the viral reactivation was still lacking. Therefore, we conducted ChIP assay during lytic induction to compare the binding efficiencies of Egr-1 and CBP at RTA promoter ( Figure 5A , a for BC-3; b for BCBL-1). The assay revealed that the binding of Egr-1 and CBP at RTA promoter was significantly enhanced during the viral reactivation. The binding of p300 was also detected at RTA promoter during viral reactivation (data not shown). Here, we focused our study on CBP binding because the reporter assay showed that CBP predominantly augments RTA promoter activity as compared to p300, when co-expressed with Egr-1. While comparing the relative binding of Egr-1 and CBP, we found that the recruitment of CBP was lower than Egr-1 at RTA promoter in the reactivated samples (BC-3 and BCBL-1 cells). However, comparative binding of both Egr-1 and CBP at RTA promoter was higher in the induced cells than the uninduced cells ( Figure 5A , a for BC-3, b for BCBL-1). As an additional evidence of Egr-1 and CBP binding at RTA promoter, our ChIP data supported the results from reporter assay depicting that Egr-1 and CBP are predominantly recruited at RTA promoter to regulate transcription.
We also analyzed the phosphorylation status of Egr-1 in BC-3 and BCBL-1 cells. The comparison was made between the phosphorylated form of Egr-1 from uninduced and induced cells ( Figure 5A , c for BC-3, d for BCBL-1). Interestingly, the level of phosphorylated Egr-1 was higher in induced cells as compared to the respective uninduced cells with total Egr-1 showing similar expression ( Figure  5A , c for BC-3, d for BCBL-1, IB: Egr-1 panel).
Since Egr-1 was shown to interact with CBP [24, 63, 66] , so we wanted to determine whether these two proteins bind in KSHV infected cells undergoing lytic reactivation. The immunoprecipitation of Egr-1 co-precipitated CBP ( Figure 5B , a for BC-3, c for BCBL-1) as well as p300 (data not shown) from the KSHV infected cells, which is consistent with the previous reports of Egr-1 binding to CBP and p300. Surprisingly, the comparative binding of CBP with Egr-1 was enhanced in cells undergoing lytic reactivation evidenced by a higher relative intensity of CBP in IP lanes of induced cells as compared to the uninduced cells ( Figure 5B , a for BC-3, c for BCBL-1). We confirmed that the higher binding of CBP to Egr-1 was not due to a higher level of CBP in induced cells since the levels of CBP and Egr-1 were comparable between these two sets ( Figure 5B , b for BC-3 and d for BCBL-1). These results indicated the possibility that Egr-1 phosphorylation could be responsible for its enhanced binding with CBP during viral reactivation. Taken together, these observations clearly supported the fact that RTA transcription is regulated by an enhanced association and recruitment of Egr-1 and CBP at RTA promoter.
Next, we wanted to verify whether Egr-1 and CBP were acting cooperatively in the regulation of RTA transcription. We transfected BC-3 and BCBL-1 cells with siRNA to deplete Egr-1 and CBP together or Egr-1 and CBP individually, 24h prior to the induction for lytic reactivation. These cells were induced for 24h before harvesting them for the detection of RTA transcripts. Relative copies of RTA transcripts showed a significant reduction in the cells depleted for Egr-1 or CBP ( Figure  5C , a for BC-3, b for BCBL-1). Importantly, the cells depleted for both Egr-1 and CBP showed a much higher reduction in RTA transcripts as compared to the individually depleted cells ( Figure 5C , a for BC-3, b for BCBL-1), hence confirming that Egr-1 and CBP act cooperatively to regulate RTA transcription during lytic induction.
Egr-1 phosphorylation is upregulated during KSHV de novo infection
Since the expression and phosphorylation of Egr-1 is one of the key factors in regulating viral reactivation ( Figure 1 and Figure 2) , we wanted to determine whether Egr-1 gets phosphorylated during the initial burst of lytic cycle during de novo infection. To this end, we used a monocytic cells, THP-1 and endothelial cells, HUVECs for de novo infection as these cells represent a model for studying KSHV primary infection [67] [68] [69] [70] . The infection of HUVECs and THP-1 with KSHV showed augmented Egr-1 phosphorylation when compared with the respective mock infected (M) cells ( Figure 6A , a for THP-1 and d for HUVECs). Next, we verified whether active infection was responsible for Egr-1 phosphorylation by infecting them with an UV inactivated virus (UV), which showed a significantly reduced level of Egr-1 as compared to the cells infected with the live virus ( Figure 6A , a for THP-1 and d for HUVECs). The densitometric analyses of the phosphorylated Egr-1 are shown in Figure 6A (b for THP-1 and e for HUVECs). Thus, active viral replication primarily contributes to Egr-1 phosphorylation apart from viral membrane attachment. We have also analyzed the active replication of KSHV via detection of viral transcripts from the infected cells at 12 hpi through a realtime PCR assay, which showed abundant viral transcripts in wild type (WT) virus infected cells as compared to the UV treated ones ( Figure 6A , c for THP-1 and f for HUVECs). The results indicate an active replication following KSHV infection as a contributor of Egr-1 phosphorylation. www.impactjournals.com/oncotarget 
RTA promoter with mutated Egr-1 site shows reduced activity during KSHV infection
After analyzing the status of Egr-1 phosphorylation during KSHV de novo infection, we wanted to determine the effect of Egr-1 mutation on RTA promoter activity during KSHV infection. The target cells transfected with RTA promoter containing intact or mutated Egr-1 binding site were infected with KSHV followed by analyzing the relative promoter activation. Comparative analysis revealed that RTA promoter with mutated Egr-1 site had reduced promoter activity at all the tested concentrations of promoter plasmid ( Figure 6B , a for THP-1 and b for HUVECs). The infection was also conducted using UV inactivated virus and we found highest promoter augmentation with wild type virus. Our results also revealed that the UV inactivated virus was capable of enhancing the RTA promoter activity although at lower levels as compared to the live KSHV. This could possibly be due to the fact that Egr-1 becomes phosphorylated (through membrane fusion and viral replication) during primary de novo infection. Next, we determined the role of Egr-1 binding sites in RTA promoter activity during de novo KSHV infection. The above experiment was also conducted with Egr-1 mutated RTA promoter transfected cells. Relative fold induction showed a reduced promoter activity in cells transfected with Egr-1 mutated RTA promoter during KSHV infection. Altogether, these results confirmed that Egr-1 site of RTA promoter is essential for KSHV mediated RTA promoter activation during de novo infection.
Egr-1 and CBP are involved in the regulation of RTA promoter activity during KSHV infection
We extended our study to analyze whether Egr-1 and CBP act cooperatively during the onset of KSHV infection. In order to achieve efficient transfection of siRNA in THP-1 and HUVECs, we used nucleofection [71] . The siRNA to deplete Egr-1 and CBP were transfected separately in the respective target cells (THP-1 and HUVECs). The efficiency of gene silencing was determined for CBP and Egr-1 through western blotting ( Figure 6C , a for THP-1 and b for HUVECs) after 48h of transfection. The target cells were co-transfected with RTA promoter (either with Egr-1 or mutated Egr-1 site) plasmids along with specific siRNA. The siRNA transfected cells were infected with KSHV for 6 h and proceeded to luciferase assay. The results revealed that the target cells, transfected with control siRNA (scr siRNA) had an upregulation in the RTA promoter activity. We found a suppression in RTA promoter activity in the target cells with depleted Egr-1 levels after infection. Surprisingly, there was also a reduction in RTA promoter activity in the infected target cells with depleted CBP levels. Hence, it was clear from these experiments that both Egr-1 and CBP played significant roles in driving the RTA transcription during de novo KSHV infection. Parallely, we determined the levels of RTA promoter (mutated Egr-1 site) activation in the target cells (transfected with either depleted Egr-1 or CBP) after KSHV infection ( Figure 6C , a for THP-1 and Figure  6C , b for HUVECs). Collectively, these data revealed that RTA promoter with Egr-1 mutated site had suppressed promoter activity (in the absence of either Egr-1 or CBP) when compared with the target cells co-transfected with scr siRNA and RTA promoter (with Egr-1 binding site) during de novo KSHV infection.
We also used UV treated virus to infect the target cells transfected with scr/Egr-1/CBP siRNA for assaying the RTA promoter activity. (Figure 6C , a for THP-1 and Figure 6C , b for HUVECs). The results showed no significant difference among the experimental sets. The fold induction in RTA promoter activity in the target cells co-transfected with a combination of either scr/Egr-1/CBP siRNA and RTA promoter (Egr-1 wt or mutated) was not significantly changed. (Figure 6C , a for THP-1 and Figure  6C , b for HUVECs). Hence, these observations indicated that Egr-1 and CBP could be cooperatively acting during KSHV de novo infection.
Egr-1 expression regulates RTA transcription during primary de novo infection
To study the direct effects of Egr-1 expression during KSHV infection, THP-1 and HUVECs cells were depleted of Egr-1 by transfecting specific siRNA for Egr-1 or scrambled siRNA as a control. The depletion of Egr-1 in the target cells was confirmed through amplification of Egr-1 specific transcripts by RT-PCR ( Figure 7A , a for THP-1 and Figure 7B , a for HUVECs).
The expression of RTA, which is regulated through Egr-1, was analyzed at different time intervals (2, 6, 12 and 24h) post-infection. The data showed a significant reduction in RTA transcription after KSHV infection in the Egr-1 depleted THP-1 cells (Figure 7A, b) . Similarly, HUVECs depleted of Egr-1 showed reduced RTA transcripts as compared to the control siRNA (scr siRNA) transfected cell ( Figure 7B, b) . The respective levels of Egr-1 expression in siRNA-transfected cells following KSHV infection are shown in Figure 7A , b for THP-1 and Figure 7B , b for HUVECs. We further confirmed the significance of Egr-1 expression on RTA transcription during KSHV primary infection by infecting THP-1 and HUVECs overexpressing Egr-1. Interestingly, the levels of RTA transcripts in Egr-1 overexpressing cells were enhanced as compared to the control cells ( Figure 7A , c for THP-1 and Figure 7B , c for HUVECs) after KSHV infection. The expression levels of Egr-1 and respective GAPDH at different time points (2, 6, 12 and 24h) postinfection are shown in THP-1 and HUVECs transfected with either pA3F-Egr-1 or pA3F (empty vector) ( Figure  7A , c for THP-1 and 7B, c for HUVECs). Therefore, Egr-www.impactjournals.com/oncotarget Our results demonstrated that depletion of Egr-1 suppresses RTA transcription. Also, it is known that Egr-1 expression gets regulated through various signaling cascades such as c-Abl [72] , PI3K [73] , that are involved in KSHV entry [74] . Therefore, we were keen to know whether depletion of Egr-1 could affect KSHV entry into the target cells. To ascertain the role of Egr-1 in modulating KSHV entry, we transfected the target cells with Egr-1 siRNA (24h prior to KSHV infection) ( Figure 7A , d for THP-1 and Figure 7B , d for HUVECs). After 2h post infection, the cells were harvested for viral genome extraction. Internalized viral genome was quantified by amplifying ORF58 gene and the relative virion copies in Egr-1 siRNA transfected cells were compared with control siRNA transfected cells. We did not find any significant change in the relative KSHV genome copies between the Egr-1 siRNA and scr siRNA transfected cells following infection. Thus, it was clear that Egr-1 depletion did not affect viral entry into the target cells during de novo infection ( Figure 7A , d for THP-1 and Figure 7B , d for HUVECs).
DISCUSSION
The current study focuses on the mechanisms underlying Egr-1 mediated lytic activation in KSHV life cycle. Egr-1 is involved in various cellular processes and the studies from herpesviruses show that radiosensitive Egr-1 promoter activation could induce the expression of thymidine kinase gene in HSV-1 [75, 76] . Egr-1 is also capable of suppressing the transcription of HSV-1 latency-associated transcript [43] by binding to TATA binding protein (TBP) at the promoter region [47] , which indicates the functional role of Egr-1 in augmenting viral reactivation. Additional reports have documented the role of Egr-1 in maintaining HSV-1 latency by suppressing the expression of immediate early gene [77] . This effect of Egr-1 is achieved through the binding of Nab2 at the promoter region instead of Sp1, leading to gene silencing. Egr-1 is also known to enhance the lethality of HSV-1 by augmenting viral replication [78] . Overexpression of Egr-1 causes hepatic stromal keratitis (HSK), which gets significantly suppressed in the absence of Egr-1 due to a reduction in viral replication [79] . Also, Egr-1 expression gets enhanced during the lytic replication of HSV-1 due to the recruitment of CREB and NFκB at Egr-1 promoter [40] . HSV-1 replication correlates with Egr-1 expression and its occupancy at viral regulatory sequences [80] .
A significant role of Egr-1 has been demonstrated in the life cycle of other viruses including EBV where it induces the expression of immediate early gene, BRLF1 [81] . The rapid expression of Egr-1 in regulating unrestricted viral gene expression through occupancy at the consensus sequences after EBV infection has also been demonstrated [82] . Egr-1 expression is upregulated through EBV lytic transactivator, Zta, which supports lytic replication [45] . Zta modulates promoter activity through its interaction with methylated Zta-response elements (ZRE) at Egr-1 promoter [83] . It has also been reported that the latent membrane protein 1 (LMP1) positively regulates Egr-1 through the involvement of NFκB in order to mediate LMP1 dependent cancer cell survival [84] . The blockage of Hodgkin's lymphoma cells from entering into the EBV lytic cycle also occurs through the suppression of Egr-1 [85] . Taken together, these studies demonstrate the functions of Egr-1 in regulating lytic as well as latent phases of the viral life cycle.
In KSHV, Egr-1 has been shown to mediate RTA promoter activity [21] . Data presented here adds to our understanding of how Egr-1 modulates promoter activity by recruiting other cellular factors. The roles of CBP and p300 are very well defined in KSHV biology and these transcription factors are shown to interact with RTA independently to modulate transcriptional activity [49] . Also, the interaction of Egr-1 with CBP and p300 has been shown in vivo [24] . The roles of transcriptional coactivators reported here add significant information on the KSHV life cycle since they could modulate Egr-1 mediated RTA transcription. The interaction of EGR-1 with the transcriptional coactivators, CBP/p300 resulted in the enhancement of the transcriptional activity. Our reporter assay revealed that Egr-1 could highly upregulate RTA promoter activity in the presence of transcriptional coactivators, CBP and p300. Additionally, the ChIP analysis demonstrated that Egr-1 and CBP were recruited at RTA promoter during lytic induction. Though Egr-1 and CBP binds in non-induced KSHV infected cells but the relative binding between Egr-1 and CBP gets enhanced during induction ( Figure 5 ). The enhancement in Egr-1 phosphorylation as well as its increased binding with CBP could be the consequences of viral reactivation. Hence, these observations indicate a correlation between Egr-1 phosphorylation and its interaction with CBP. Our results also showed that depletion of either Egr-1 or CBP can downregulate RTA transcription (upto ~ 30% in Egr-1 depleted cells and ~ 20% in CBP depleted cells); whereas depletion of both Egr-1 and CBP can reduce the RTA transcript levels upto ~ 55% in both BC-3 and BCBL-1 cells after induction. Thus, these results strongly suggest a cooperative effect of Egr-1 and CBP at RTA promoter. The synergy of Egr-1 and CBP in regulating RTA transcription raises the possibility that Egr-1 gets phosphorylated during the lytic phase of KSHV, which enhances its interaction with CBP. The schematic of our working model of Egr-1 phosphorylation and it's binding with CBP at RTA promoter during lytic reactivation is depicted in figure 8 .
The data presented here supports earlier reports of Egr-1 phosphorylation and an enhancement in the DNA binding activity to control the transcription of target genes [53, 54] . We found that Egr-1 gets phosphorylated during lytic induction in BC-3 and BCBL-1 cells and Okadaic acid treatment can also induce Egr-1 phosphorylation.
However, Okadaic acid in combination with p38MAP kinase inhibitor or Raf inhibitor (GW5074) leads to a reduction in Egr-1 phosphorylation. Therefore, our findings implicate the involvement of p38 and Raf kinases in the regulation of Egr-1 phosphorylation. Also, enhanced Egr-1 phosphorylation leads to higher copies of virion produced as compared to the ones with suppressed Egr-1 phosphorylation. Altogether, this study verifies the role of Egr-1 phosphorylation in KSHV virion production with the involvement of p38 MAP kinase and Raf pathway. Off note, it will be interesting to investigate various viral and cellular factors, which regulate Egr-1 phosphorylation.
Interestingly, Okadaic acid can also inhibit serine/ threonine phosphatases 1 and 2A, activate protein kinase (PKC) and elevate the expression of hypoxia-inducible factor-1 (HIF-1), which may have a broader impact on cell signaling other than Egr-1 phosphorylation [86] [87] [88] . Additional studies have indicated the involvement of PKC and HIF-1 during KSHV reactivation [89, 90] . The role of Okadaic acid in Epstein-Barr virus early antigen (EBV-EA) expression has been documented earlier [91] . Although Okadaic acid is not a strong inducer of viral reactivation as compared to other chemical inducers such as 12-O-Tetradecanoylphorbol-13-acetate and sodium butyrate (NaB), [92] it can augment viral reactivation. Therefore, Okadaic acid could be used to decipher the involvement of various kinases involved in the regulation of Egr-1 phosphorylation in KSHV infected cells.
In the context of de novo KSHV infection, our analysis reveals that Egr-1 gets phosphorylated after infection of the target cells. Additionally, the comparison of Egr-1 phosphorylation between the target cells infected with either live or UV inactivated virus show highly enhanced Egr-1 phosphorylation in the cells infected with live virus. These observations clarify the fact that although membrane fusion can up-regulate Egr-1 phosphorylation, the replicating virus is mainly responsible for enhanced phosphorylation of Egr-1 during KSHV infection. We have studied the role of Egr-1 and CBP in regulating RTA promoter activity during primary infection. We and others have showed that Egr-1 and CBP bind at RTA promoter and augment its activity [21, 49] . Our data demonstrate that both Egr-1 and CBP are involved in regulating RTA promoter activity during KSHV primary infection. Also, the mutation of Egr-1 binding site of RTA promoter suppressed RTA promoter activity during primary infection. We also found that target cells transfected with Egr-1 or CBP siRNA showed reduced RTA promoter activity when compared with scr siRNA transfected cells. Taken together, our findings reveal that both Egr-1 and CBP are involved in the regulation of RTA promoter activity during de novo primary infection.
We determined that Egr-1 does not affect viral entry into the target cells. However, cellular kinases, p38 and ERK are known to be involved in viral entry and these kinases are also able to regulate Egr-1 activity [93] . Thus, the upstream effectors, which control Egr-1 phosphorylation are capable of regulating viral entry but not Egr-1 itself.
We also validated the correlation between Egr-1 expression and RTA transcription during primary infection by infecting the Egr-1 depleted cells with KSHV. The Egr-1 depleted cells infected with KSHV showed a significant reduction in RTA transcripts level. This observation was again confirmed by overexpressing Egr-1 in the target cells (THP-1 and HUVECs) before infecting with KSHV, which showed an enhanced RTA transcription. The present report indicate that Egr-1 phosphorylation could be a key factor for regulating KSHV lytic phase. The balance between phosphorylated and non-phosphorylated forms of Egr-1 might be an essential criterion for the maintenance of latent and lytic states of KSHV. One of the interesting facts displayed that the cells with depleted Egr-1 did not completely block the transcription of RTA. This basal level of RTA transcription in Egr-1 depleted cells indicates the role of RTA in its auto regulation along with various viral and cellular factors involved in driving RTA transcription besides Egr-1 [49, [94] [95] [96] [97] . Taken together, the results suggest that Egr-1 could serve as a key switch protein of KSHV lytic reactivation. The current study also opens various aspects of future studies such as exploring the detailed mechanism of the formation of transcription complex (Egr-1/ CBP/ p300) at RTA promoter, characterizing the specificity of kinases involved in the modulation of Egr-1 activity and analyzing the function of Egr-1 in regulating different KSHV genes.
MATERIALS AND METHODS
Cell culture, plasmids and antibodies
BC-3 and BCBL-1 cells were cultured in RPMI1640 supplemented with 8% FBS. 293T cells were cultured in DMEM supplemented with 8% FBS. The THP-1 cells were maintained in RPMI1640 with 10% FBS. The HUVECs were cultured in endothelial growth medium (M200, ThermoFisher Scientific) with 10% FBS at 37°C with 5% CO2. The BJAB cells stably infected with recombinant KSHV.219 (referred to as Brk.219) were cultured in RPMI1640 supplemented with 10% FBS in the presence of 4.2 μg/ml puromycin as described elsewhere [98] . pA3F-Egr-1-Flag was constructed by sub-cloning Egr-1 from pMX-Egr-1 (Addgene) using primers S-Egr-1 (HindIII)-5′-AACTTAAGCTTCATGGCGGCGC-3′; ASEgr-1 (EcoRI) 5′ CTGCAGAATTCCGCAAATTTCAA-3′. pCMV5-CBP-Flag (provided by David Lebrun, Division of Cancer Biology and Genetics, Cancer Research Institute, Queen's University, Kingston, ON), pGL3-RTA promoter, pCMV-p300-myc (Addgene). RTA promoter deletion mutants; 2570, 2039, 1490, 1327, 550 were provided by Dr. Erle S. Robertson (University of Pennsylvania, USA), 298 and 298 (-93 TGGGTG) was a kind gift from Dr. Paul Lieberman (Wistar Institute, Philadelphia); and 169 was a kind gift from Dr. Adrian Whitehouse (University of Leeds, UK). The specific antibodies for Egr-1 and CBP were purchased from Santa Cruz Biotechnology. Anti-myc and anti-Flag antibodies were obtained commercially (ThermoFisher, Inc.) and Sigma Aldrich (Sigma Aldrich, Inc.), respectively.
Luciferase reporter assay
Approximately 2 × 10 6 293T cells were grown overnight per well in a 6 well plate. The target cells were transiently transfected with specific plasmids using Metafectene (Biontex Laboratories) as described previously [99] . Twenty-four hours post-transfection, the medium was changed and incubated with fresh medium. The cells were harvested 48h post-transfection, lysed and used for the reporter assay as described previously [99] . Results presented were the average of triplicate experiments with the S.D. values shown as the error bars.
Immunoprecipitation and immunoblotting
The target cells were harvested, washed with icecold phosphate-buffered saline (PBS), and lysed in 0.5 ml ice-cold radioimmunoprecipitation assay (RIPA) buffer (1% Nonidet P-40 [NP-40], 10 mM Tris [pH 7.5], 2 mM EDTA, 150 mM NaCl) supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1µg/ml aprotinin, 1µg/ml pepstatin, 1µg/ml leupeptin). Cellular debris was removed by centrifugation at 13,000 × g for 10 min at 4°C, for immunoprecipitation, the lysate was precleared by 1h of rotation at 4°C with 30µl of protein A/G agarose beads. Approximately 100μl of the lysate was saved as an input control. The protein of interest was captured through incubation with 1µg of the appropriate antibody for overnight at 4°C rotator. The immune complexes were captured with a mixture of 30µl of protein A/G agarose beads at 4°C. The beads (containing bound proteins) were pelleted and washed three times with RIPA buffer. The immunoprecipitated proteins were further washed with RIPA buffer containing 300 mM NaCl to eliminate any contaminating proteins. For western blot analysis, the input lysates and immunoprecipitated complexes were boiled for 5 min in 1X Laemmli buffer, resolved through SDS-PAGE. The proteins were electroblotted to the nitrocellulose membrane, probed with appropriate antibodies, washed and then developed with infrared dye-tagged secondary antibodies using Odyssey Imager (LICOR).
Chromatin immunoprecipitation assay
A total of 10 × 10 6 BC-3 and 10 × 10 6 BCBL-1 (uninduced/induced) cells were treated with a final concentration of 1% formaldehyde and cross-linked for 10 min at room temperature. Crosslinking was stopped by the addition of glycine at a final concentration of 0.125 M for 5 min. The cross-linked cells were washed in 1X PBS and counted so that approximately ~ 8 × 10 6 cells were used in each immunoprecipitation reactions as mentioned earlier [99] . Nuclei from the cells were isolated, lysed to collect chromatin and sheared to ~300 bp. Lysates containing the chromatin was pre-cleared using 50µl of Protein A/G agarose beads in dilution buffer for 30 min at 4°C. The samples were centrifuged to recover the lysate by removing the beads. After aliquoting 100μl for the input controls, specific primary antibodies were added to the experimental samples and incubated overnight at 4°C with constant rotation. The DNA/protein complexes bound to the specific antibodies were immunoprecipitated using protein A/G beads with constant rotation for 2h at 4°C. The samples were washed using ChIP wash buffers followed by eluting and treating with proteinase K (1U) and incubating at 65°C overnight to reverse the crosslinks. The extracted DNA was purified using phenol/chloroform extraction and finally resuspended in 1X TE buffer. The extracted DNA was used for detecting the binding of Egr-1 and CBP at RTA promoter using specific primers spanning Egr-1 binding site through RT-PCR. The primers used were ORF50 forward, 5′-CTACCGGCGACTCATTAAG-3′, and ORF50 reverse, 5′-GTGGCTGCCTGGACAGTAT-3′ (125 bp product).
RNA isolation, cDNA synthesis and RT-PCR
The total RNA was extracted using Illustra RNA spin Mini kit (GE Healthcare) following the manufacturer's instructions and cDNA was synthesized using a High Capacity cDNA reverse transcription kit (Applied Biosystems). Reaction mixture for PCR consisted of (10μl of 2X PCR master mix (Applied Biosystems), 1μM primers (forward/reverse) and 2μl of cDNA. The synthesized cDNA was subjected to amplification on an ABI StepOne Plus real-time PCR machine (Applied Biosystems). The relative gene copy numbers/transcripts were calculated by the ΔΔCT method. The reaction parameters for the detection of transcripts through Real time PCR (qPCR) was as follows: 95°C for 5 min, PCR cycling at 95°C for 10 s and 60°C for 30 s for 40 cycles. The gene expression data was normalized to the levels of housekeeping gene, GAPDH. The primers used for the detection of Egr-1 transcripts were Egr-1 S-5′ CACCTGCATCTCACAGCCACT-3′; Egr-1 AS-5′ GCCAACCCAAGCAGGAAGA-3′; RTA S-5′-CTACCGGCGACTCATTAAG-3′; AS-5′-GTGGCTGCC TGGACAGTAT-3′ and GAPDH were GAPDH S-5′-CCCCTGGCCAAGGTCATCCA-3′ and AS-5′-A CAGCCTTGGCAGCGCCAGT-3′.
Viral genome extraction and quantification
The culture supernatant from 100 × 10 6 BC-3/ BCBL-1 cells was used for quantifying the virions produced after induction. Virions were concentrated through ultracentrifugation at 25000 rpm for 2h at 4°C. The concentrated virion pellet was resuspended in 1 ml of RPMI1640, containing 2% FBS and stored at −80°C. About 100μl of the resuspended virions were used for viral DNA extraction and quantification [18] . The KSHV ORF58 plasmid was used as a reference. We quantified virions using specific primers for ORF58 gene forward 5′-CTTAACTGTTTACTGCTGTTACCT-3′ and reverse 5′-AGACCTTCTTAAACAACAGAAGG-3′.
siRNA transfection and gene silencing
A total of 2×10 6 HUVECs/ 2×10 6 THP-1 was plated per well in 6 well plates. The Egr-1 siRNA (100 pmol) and CBP siRNA (100 pmol) (Santa Cruz Biotechnology) were transfected using Amaxa Nucleofector Kit following specific programs U-001 for HUVECs, V-001 for THP-1 according to the manufacturer's instruction, T-001 for BC-3 and BCBL-1 as previously described [100] . For co-transfection of siRNAs, a total of 100 pmol (Egr-1) and 100 pm (CBP) were mixed together and transfected using the above-mentioned program for BC-3 and BCBL-1. The protocol for nucleofection was followed according to the instructions provided by manufacturer (Nucleofector Technologies, Lonza). The FITC conjugated scrambled siRNA (100 pmol) (Santa Cruz Biotechnology) was used as control for monitoring the efficiency of siRNA transfection. The medium was removed after 12h of siRNA transfection and replaced with fresh RPMI 1640 supplemented with 10% FBS for THP-1 and endothelial growth medium (M200, ThermoFisher Scientific) with 10% FBS for HUVECs. The efficiency of Egr-1/CBP silencing was checked after 48h of siRNA transfection through western blotting.
Infection of HUVEC and THP-1 cells with KSHV
Briefly, THP-1 was infected with concentrated stock of KSHV following treatment with polybrene (5μg/ ml). The cells were spun down for 5 min at 1200 rpm prior to infection. The culture supernatant was discarded and the cells were resuspended in 2ml of RPMI complete medium with virions. The mixture containing THP-1 was plated at density of 2×10 6 cells per well of a 6 well plate. Rest of the protocol was followed as described earlier for THP-1 infection [68] . For HUVECs, the infection was carried out with KSHV in the presence of polybrene as described elsewhere [70] . The infection of HUVECs and THP-1 with KSHV at 10 m.o.i was carried out for 12h followed by RNA extraction and amplification of specific KSHV transcripts, PAN RNA, ORF50, ORF57, ORF59 and ORF73. The protocol and primers for the amplification KSHV transcripts were described elsewhere [18] .
KSHV viral stocks were subjected to UV inactivation (1,200 μJ) in a UV Stratalinker 2400 (Stratagene). For viral entry experiments, THP-1 and HUVECs were infected with KSHV for 2h. The cells were harvested and proceeded for genome extraction as described earlier [18] . The target gene ORF58 was used as a reference and amplified to analyze the relative genome quantity. www.impactjournals.com/oncotarget
Cell viability analysis
The assay was performed as previously described [101] . Briefly, Cells were treated with specific inhibitors (Okadaic acid, p38 MAP Kinase inhibitor, GW5074) for 24h, washed twice with PBS, fixed with 10% formaldehyde for 10 min at room temperature. Fixed cells were stained with 0.1% crystal violet for 2 h at room temperature. Excess stain was washed with deionized water and the samples were allowed to dry at room temperature. The cells were counted using haemocytometer.
Statistics
The data were statistically analyzed using GraphPad Prism software (GraphPad Software). P value < 0.05 ( * ) and P value < 0.01 ( ** ) were considered statistically significant.
Author contributions
RS and SCV conceived and designed the experiments; RS performed the experiments and acquire the data; RS and SCV analyzed the data and wrote the paper.
